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  Actin plays fundamental roles in a wide array of plant 
functions, including cell division, cytoplasmic streaming, 
cell morphogenesis and organelle motility. Imaging the 
actin cytoskeleton in living cells is a powerful methodology 
for studying these important phenomena. Several useful 
probes for live imaging of ﬁ  lamentous actin (F-actin) have 
been developed, but new versatile probes are still needed. 
Here, we report the application of a new probe called 
Lifeact for visualizing F-actin in plant cells. Lifeact is a short 
peptide comprising 17 amino acids that was derived from 
yeast Abp140p. We used a Lifeact–Venus fusion protein 
for staining F-actin in   Arabidopsis thaliana   and were able 
to observe dynamic rearrangements of the actin meshwork 
in root hair cells. We also used Lifeact–Venus to visualize 
the actin cytoskeleton in the liverwort   Marchantia 
polymorpha  ; this revealed unique and dynamic F-actin 
motility in liverwort cells. Our results suggest that Lifeact 
could be a useful tool for studying the actin cytoskeleton 
in a wide range of plant lineages.   
   Keywords:     Actin    •     Arabidopsis thaliana     •    Lifeact    •    Liverwort   
  •      Marchantia polymorpha   .    
  Abbreviations  :     ABD  ,     actin-binding  domain   ;      BA  ,     bistheon-
ellide  A   ;      BDM  ,     2,3-butanedione-2-monoxime   ;      CaMV  , 
   cauliﬂ   ower  mosaic  virus   ;      F-actin  ,     ﬁ   lamentous  actin   ; 
    GFP  ,     green  ﬂ   uorescent  protein   ;      PBS  ,     phosphate-buffered 
saline   .        
 Introduction 
 Actin microﬁ  laments are a major component of the cytoskel-
eton and play crucial roles in a wide variety of cellular activi-
ties in eukaryotic cells. In animal cells, actin plays essential 
roles in cell migration and cytokinesis. In plants, actin is uti-
lized differently, probably reﬂ  ecting the immobile nature of 
the cells due to the rigid cell wall. Many cellular functions in 
plants, including cytoplasmic streaming, cell division, cell 
elongation, cell morphogenesis and organelle movement, 
require ﬁ   lamentous actin (F-actin) (  Ketelaar and Emons 
2001  ,   Hasezawa and Kumagai 2002  ,   Hussey et al. 2006  ). 
  The establishment of ﬂ   uorescent probes, particularly 
green ﬂ  uorescent protein (GFP), to visualize F-actin in living 
cells has dramatically facilitated the understanding of actin 
dynamics. Initially, actin–GFP fusion proteins were used suc-
cessfully to visualize F-actin. However, direct labeling of actin 
impaired its function; thus, the actin–GFP fusion protein 
had to be mixed with non-tagged actin (  Westphal et al. 
1997  ). In addition, the ﬂ  uorescence from unpolymerized 
GFP–actin in the cytosol could impair clear visualization of 
F-actin. These problems were overcome with the advent of 
GFP-tagged actin side-binding proteins. These comprised 
GFP fused to the actin-binding domain (ABD) from mouse 
talin (mTn) (  Kost et al. 1998  ) or the ABD from ﬁ  mbrin1 of 
  Arabidopsis thaliana   (ABD2) (  Sheahan et al. 2004  ). These 
two probes are currently the state of the art for visualizing 
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various structures and dynamics of actin ﬁ  laments concomi-
tant with various plant functions (for example,  Mathur et al. 
2003  ,   Cheung and Wu 2004  ,   Holweg et al. 2004  ,   Gu et al. 
2005  ,   Voigt et al. 2005  ,   Higaki et al. 2007  ,   Yoneda et al. 2007  , 
 Higaki et al. 2008 ,  Staiger et al. 2009 ). On the other hand, these 
F-actin probes have also been reported to exert unexpected 
side effects on actin organization or myosin-dependent motil-
ity of organelles (  Ketelaar et al. 2004  ,   Sheahan et al. 2004  , 
  Higaki et al. 2007  ,   Holweg 2007  ). This spurred interest in 
developing a new F-actin marker with different molecular 
properties. 
  It was recently demonstrated that a peptide comprising 
the ﬁ  rst 17 amino acids of the yeast protein Abp140p is suf-
ﬁ  cient for localizing GFP to F-actin. This short peptide, called 
‘Lifeact’ (  Riedl et al. 2008  ), did not affect actin polymeriza-
tion or depolymerization in vitro. The usefulness of Lifeact 
was also demonstrated in vivo with the expression of the 
Lifeact–GFP fusion protein. In mammalian cells, Lifeact–GFP 
did not inﬂ  uence actin-dependent processes, including neu-
ronal polarization, lamellipodia ﬂ  ow and leukocyte chemo-
taxis. These features are probably due to the following facts: 
(i) the low binding afﬁ  nity of Lifeact for F-actin presents little 
competition against major endogenous actin-binding 
proteins; and (ii) the absence of homologous sequences 
in higher eukaryotes obviates the titration of endogenous 
proteins (  Riedl et al. 2008  ). Furthermore, the small size of 
Lifeact allows construction of chimeric markers with a single 
round of PCR ampliﬁ  cation. 
  We hypothesized that these properties would also be 
advantageous in plants. In this study, we used Lifeact to visu-
alize F-actin in   Arabidopsis thaliana   and an emerging bryo-
phyte model,   Marchantia polymorpha   ( Bowman  et  al.  2007 , 
  Ishizaki et al. 2008  ). Our study demonstrated that Lifeact 
could be a useful tool for the live imaging of F-actin in broad 
lineages of plants, including angiosperms and bryophytes.     
  Results and Discussion   
  Lifeact–Venus-labeled actin microﬁ  laments in 
A. thaliana 
  We constructed a chimeric gene that contained the cauli-
ﬂ  ower mosaic virus (CaMV) 35S promoter, the Lifeact actin-
binding sequence and the Venus protein sequence (modiﬁ  ed 
yellow ﬂ   uorescent protein). The resulting Lifeact–Venus 
fusion protein comprised the two peptides, separated by a 
four amino acid linker (Gly–Gly–Ser–Gly) (       Fig. 1  ). To verify 
the availability of Lifeact in plant cells, we introduced Lifeact–
Venus into   A. thaliana  . We observed actin structures and 
dynamics under a spinning-disk confocal laser scanning micro-
scope in homozygous or hemizygous plants for the transgene 
in which a marked deleterious effect of Lifeact–Venus on 
plant growth was not observed (Supplementary Fig. S1). 
  Lifeact–Venus permitted the visualization of ﬁ  lamentous 
networks in various types of  A. thaliana  cells, including coty-
ledon epidermal cells (       Fig. 2A  ), guard cells (  Fig. 2A ,  arrow), 
hypocotyl cells (  Fig. 2B  ), root cells (  Fig. 2C  ) and true leaf 
epidermal cells (  Fig. 2D  ). The observed networks of ﬁ  ne and 
dense ﬁ  laments were quite similar to the actin networks 
observed with GFP–ABD2 (  Sheahan et al. 2004  ,   Higaki et al. 
2007  ), suggesting that Lifeact had been successfully inte-
grated into   Arabidopsis   cells. To conﬁ  rm that Lifeact was 
bound to F-actin, we used rhodamine-conjugated phalloidin 
to stain F-actin in root epidermal cells that expressed 
Lifeact–Venus. As shown in   Fig. 2E  , the signal from rhod-
amine entirely overlapped the ﬂ   uorescence from Venus, 
indicating that Lifeact–Venus does successfully visualize 
actin ﬁ  laments by binding to F-actin. 
  We observed F-actin buckling in several tissues (data not 
shown), consistent with observations in previous reports 
when F-actin was visualized with other probes (  Sheahan 
et al. 2004  ,   Higaki et al. 2007  ,   Staiger et al. 2009  ). Among the 
observed   A. thaliana   tissues presented in   Figs. 2   and   3  , the 
most dynamic behavior of F-actin was observed in growing 
root hair cells. Dense actin cables were aligned along the 
long axis of root hair cells and seemed to branch into a ﬁ  ne 
meshwork at the apex (       Fig. 3A  ). This pattern was similar to 
the distribution of endogenous F-actin visualized with 
immunostaining (  Miller et al. 1999  ), further supporting the 
reliability of this new probe. Time-sequential observations of 
actin ﬁ  laments in root hair cells revealed that the ﬁ  ne actin 
ﬁ  laments in the apical region were highly dynamic (  Fig. 3B , 
Supplementary Movie 1). In contrast, the longitudinally 
oriented dense actin cables were more static, but they did 
exhibit lateral waving movements. Recently, GFP–ABD2 
expression was used to observe dynamic behavior of ﬁ  ne 
actin ﬁ  laments that was dominated by rapid growth and 
severing activity in hypocotyl cells of   A. thaliana   ( Staiger 
et al. 2009 ). We found that ﬁ  ne actin ﬁ  laments at the cortical 
region of the cytoplasm in root hair cells, between the plasma 
membrane and the static dense actin cables, were also 
dynamically rearranged (  Fig. 3C ,  Supplementary Movie 2). 
These results suggest that hypocotyl and root hair cells may 
share a common mechanism for actin ﬁ  lament dynamics. 
GGSG
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 Fig.  1     Schematic structure of Lifeact–Venus. Lifeact, comprised of 17 
amino acids, is fused to the N-terminus of Venus by a four amino acid 
linker.  
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and useful probe for visualizing F-actin in   A. thaliana .   
 Actin  ﬁ  laments in M. polymorpha are highly 
dynamic 
 Given its importance in the evolutionary chain,  M. polymorpha  
is expected to be a new model bryophyte (  Bowman et al. 
2007  ). The F-actin dynamics in   M. polymorpha   have not 
been well characterized; thus, we introduced Lifeact–Venus 
into this emerging model plant for the characterization of 
F-actin organization  .   We transformed   M. polymorpha   by co-
cultivating immature thalli with   Agrobacterium tumefaciens  
that harbored a binary vector containing Lifeact–Venus 
(  Ishizaki et al. 2008  ). This probe allowed the visualization of 
ﬁ  lamentous networks and fragmented ﬁ  laments in thalli 
and growing rhizoids (       Fig. 4A  , B). The Lifeact ﬂ  uorescence 
pattern completely overlapped with the signal from Alexa 
Fluor 568-conjugated phalloidin (  Fig. 4D  ); thus Lifeact–
Venus also efﬁ   ciently bound to the actin ﬁ   laments in 
  M. polymorpha   cells. The identity of the ﬁ  lamentous struc-
tures was also conﬁ  rmed by the observation that the ﬂ  uo-
rescence was dispersed throughout the cytosol upon 
treatment with the actin-depolymerizing drug, bistheonel-
lide A (BA) at a concentration of 4 µM for 2 h ( Fig. 4C ). These 
results indicate that Lifeact is applicable to studies on a wide 
range of plant taxa, ranging from bryophytes to angio-
sperms. 
  It has been reported that actin ﬁ  laments can actively 
swing or move laterally in plant cells, depending on the 
myosin activity (  Sheahan et al. 2004  ,   Higaki et al. 2006  ). To 
examine whether actin ﬁ  laments also have dynamic behav-
ior in   M. polymorpha   cells, we performed time-sequential 
imaging of the actin ﬁ  laments in epidermal cells of develop-
ing   M. polymorpha   thalli. We found that the actin ﬁ  laments 
of   M. polymorpha   cells were highly dynamic. In most cells 
that we observed, actin networks were rapidly moving with 
motilities that depended on their thickness; ﬁ  ne actin ﬁ  la-
ments were highly motile, while dense actin cables appeared 
only slightly motile (       Fig. 5A ,  Supplementary Movie 3). Sta-
bilization of actin ﬁ  laments by thickening was also reported 
in vitro and in   A. thaliana   hypocotyl cells (  Michelot et al. 
2007 ,  Staiger et al. 2009 ). In addition to lateral movement, we 
observed actin cables that could slide directionally (  Fig. 5B , 
Supplementary Movie 4). The sliding movement was remi-
niscent of the gliding assay performed with F-actin on cover-
slips coated with myosin. Therefore, we examined whether 
myosin was involved in the F-actin sliding in   M. polymorpha  
cells. We treated young thalli expressing Lifeact–Venus with 
30  mM 2,3-butanedione-2-monoxime (BDM), an inhibitor 
of myosin ATPase (  Tominaga et al. 2000  ,   Funaki et al. 2004  ). 
The F-actin movement completely ceased in the presence of 
this drug (  Fig. 5C ,  Supplementary Movie 5); this suggested 
that the motility of F-actin was dependent on myosin in 
 Fig.  2        Lifeact–Venus was successfully used to visualize actin ﬁ  laments 
in   A. thaliana  . (A) Maximum intensity projection images of actin 
ﬁ  laments in epidermal cells of the cotyledon, (B) hypocotyl, (C) root 
and (D) young true leaf. (E) Actin ﬁ  laments in root epidermal cells 
expressing Lifeact–Venus (green) were stained with rhodamine–
phalloidin (red). Lifeact–Venus and phalloidin co-localized (yellow, 
merge). Scale bars = 10 µm.  
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(A) Maximum intensity projection images of actin filaments in 
epidermal cells of thallus and (B) young rhizoid obtained using a 
spinning-disk confocal microscope. (C) Thallus cells expressing 
Lifeact–Venus were treated with bistheonellide A. (D) Actin ﬁ  laments 
in thallus cells expressing Lifeact–Venus were stained with phalloidin 
conjugated to Alexa Fluor 568. Lifeact–Venus and phalloidin 
co-localized. Scale bars = 10 µm.  
 Fig.  3     Structure and dynamics of actin ﬁ  laments in root hair cells of   
A. thaliana  , visualized with Lifeact–Venus. (A) A confocal section 
(upper panel) and a maximum intensity projection image (lower 
panel) of actin filaments in root hair cells are presented. Scale 
bars = 10 µm. (B) Three images of actin ﬁ  laments in a root hair cell, 
taken every 3 s; sequential images are colored red (0 s), green (3 s) and 
blue (6 s), and projected in a single frame. Magniﬁ  ed images of boxed 
areas are shown in the lower panels. White pixels indicate static actin 
ﬁ  laments. Note that the ﬁ  ne actin ﬁ  laments in the apical region are 
highly motile, while dense cables in the proximal region are more 
static. Scale bars = 10 µm in the upper panel and 5 µm in the lower 
panel. (C) Fine motile actin ﬁ  laments were observed beneath the 
plasma membrane in root hair cells. A confocal section (left) and a 
projection of three images taken every 3 s (right); sequential images 
are colored red (0 s), green (3 s) and blue (6 s). Scale bar = 5 µm. Note 
the high motility of ﬁ  ne actin ﬁ  laments located between the plasma 
membrane and the static, dense actin cables.   
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sible involvement of actin assembly proteins (e.g. formins) 
or actin-nucleating proteins (e.g. the Arp2/3 complex) in the 
actin dynamics of   M. polymorpha . 
  There appeared to be a track that deﬁ  ned the path of 
actin cable movements, because actin cables were frequently 
observed sliding along the same routes in cells. This notion 
was supported by the observation that sliding actin cables 
sometimes merged and bundled into a dense cable (       Fig. 6A , 
Supplementary Movie 6). Intriguingly, in one observation, two 
actin cables moving in opposite directions met on the same 
track (  Fig. 6B ,  Supplementary Movie 7). This observation 
may reﬂ  ect the ﬂ  exibility of the motor proteins that enables 
movement in opposite directions in   M. polymorpha   cells. 
It is also an interesting possibility that an actin bundle func-
tions as a track for the bundle oriented in the opposite 
direction. 
 Another interesting behavior of F-actin in  M. polymorpha  
was the branching of actin bundles. As shown in        Fig. 7   and 
Supplementary Movie 8, bundled actin ﬁ   laments were 
observed to branch into two or more sub-bundles. The 
branching of actin bundles has been observed in vivo in 
animal cells (  Schaefer et al. 2002  ), but has not yet been 
clearly reported in plant cells, although some time-lapse 
micrographs in Staiger et al  .   (2009) imply the existence of a 
similar phenomenon in   A. thaliana  . It would be interesting 
in a future study to investigate the molecular mechanisms 
underlying the actin ﬁ  lament dynamics. 
  Intriguingly, we did not observe deﬁ  nitive cytoplasmic 
streaming, even in cells with highly dynamic actin ﬁ  laments. 
This was surprising, because actin–myosin-dependent cyto-
plasmic streaming is generally observed in other plants, from 
charophytes to angiosperms (Shimmen and Yokota 1994). 
From this observation, we can speculate that the actin–myosin 
system might have distinctive functions in   M. polymorpha . 
Further analysis of actin involvement in various physiologi-
cal events, including organelle motility, cell morphogenesis 
and cell division, might reveal novel functional roles for actin 
in   M. polymorpha  . In addition, future investigations could 
compare the dynamics and function of actin among differ-
ent plant lineages. It might be particularly insightful to com-
pare the previous model bryophyte,   Physcomitrella patens , 
with   M. polymorpha  . The unique characteristics of Lifeact, 
particularly its conveniently small size, will facilitate future 
studies.    
  Materials and Methods   
  Plant materials and growth conditions 
  Seeds of   A. thaliana   (accession Col-0) were surface-sterilized 
and plated on Murashige and Skoog medium [ ×  1 Murashige–
Skoog salt mixture, 1  %   (w/v) sucrose, 0.01  %   (w/v) myoino-
sitol and 0.5  %   (w/v) gellangum, pH 5.8], incubated for 4 d 
at 4  °  C in the dark, and grown in a growth chamber under 
continuous light at 23  °  C. Seedlings were transferred to soil 
and grown in a temperature-controlled (23 ° C) growth room 
under continuous light. 
  Marchantia polymorpha   was asexually maintained and 
propagated through gemma growth as previously described 
(  Okada et al. 2000  ,   Takenaka et al. 2000  ).     
  Construction and transformation of plants 
  The chimeric gene encoding Lifeact–Venus was generated 
by PCR using the following primers: 5  ′ -CACCATGGGTG
TCGCAGATTTGATCAAGAAATTCGAAAGCATCT
CAAAGGAAGAAGGCGGCAGCGGCATGGTGAG
 Fig.  5     Actin ﬁ  laments are highly dynamic in   M. polymorpha   cells. 
(A) Images of actin ﬁ  laments in a thallus cell were taken every 3 s, 
colored red (0 s), green (3 s) and blue (6 s), and projected together. 
Note that the thick actin cables are more static than the ﬁ  ne ﬁ  laments. 
(B) Sliding movement of an actin bundle. Three serial images taken 
every 3 s (0, 3 and 6 s) and their projections in which each image was 
colored red, green or blue (merge) are presented. The arrowhead 
indicates a sliding actin bundle. (C) Projection of three images of a 
BDM-treated cell taken every 3  s and colored red, green and blue, 
respectively. Treatment with BDM terminated actin filament 
movement. Scale bars = 2 µm.  
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thick bundle. Images were taken every second. (B) Two actin bundles (marked by pink and light blue dots) sliding in distinct directions (arrows) 
appear to merge into a single actin bundle. Images were taken every second. Scale bars = 2 µm.   
 Fig.  7     Time-lapse montage of a branching actin bundle. An actin bundle (arrowhead) divides into two sub-bundles. Images were taken every 
second. Scale bar = 2 µm.  
CAAGGGCGAGGA-3  ′   and 5  ′ -TTACTTGTACAGCTCGTC
CA-3  ′  . The forward primer contained the whole sequence for 
Lifeact and linker peptides. The PCR product was cloned into 
the pENTR vector (Invitrogen, Carlsbad, CA, USA), and 
then transferred by recombination into the pGWB2 binary 
vector containing the CaMV 35S promoter (a kind gift from 
T. Nakagawa). The transformation of  A. thaliana  plants was per-
formed by ﬂ   oral dipping using   A. tumefaciens   (strain 
GV3101::pMP90) (  Clough and Bent 1998  ). Transgenic plants 
with the T-DNA in one locus were selected, and homozygous or 
hemizygous T  2  plants were observed. The transformation of   M. 
polymorpha   was performed by the co-cultivation of immature 
thalli with  A. tumefaciens  (strain GV3101 : : pMP90) carrying the 
binary vector as described previously ( Ishizaki et al. 2008 ).    
 Drug  treatments 
  Young thalli approximately 5  mm at the longest diameter 
were treated for 2 h at room temperature with 30 mM BDM 
(Wako Pure Chemical Industries, Osaka, Japan) or 4 µM BA 
(Sigma) dissolved in water.     
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  For the observation of actin ﬁ  laments visualized by Lifeact–
Venus in   A. thaliana   and   M. polymorpha  , samples were 
observed under a ﬂ   uorescence microscope (model BX51; 
Olympus, Tokyo, Japan) equipped with a confocal scanner unit 
(model CSU10, Yokogawa Electric, Tokyo, Japan) and cooled 
CCD camera (model ORCA-AG or ORCA-ER, Hamamatsu 
Photonics, Hamamatsu, Japan). Serial confocal images were 
obtained every 0.5 µm. Images were processed with the IPLab 
(BD Biosciences, Rockville, MD, USA) or iVision Mac (BioVision 
Technologies, Exton, PA, USA) software, and projection images 
were constructed using VoxBlast (VayTek, Fairﬁ  eld, IA, USA) or 
ImageJ software (http://rsb.info.nih.gov/ij/). 
  For the double labeling of actin ﬁ  laments with Lifeact–
Venus and rhodamine–phalloidin in   A. thaliana ,  4-day-old 
  A. thaliana   plants expressing Lifeact–Venus were ﬁ  xed with 
4  %  paraformaldehyde in MTSB (50 mM PIPES, 5 mM MgSO  4 , 
5  mM EGTA, pH 7.0) for 1  h at room temperature. Fixed 
plants were rinsed with wash buffer (0.1  %   Triton X-100 in 
MTSB) three times and then with distilled water three times. 
The samples were then treated with 2  %   driserase (Sigma) in 
MTSB for 40  min at room temperature, rinsed with wash 
buffer three times and treated with MTSB plus 10 %  dimeth-
ylsulfoxide (DMSO) and 3 %  NP-40 for 1 h. After rinsing with 
wash buffer, samples were stained with 100 nM rhodamine–
phalloidin (Molecular Probes, Eugene, OR, USA) in MTSB for 
20 min. After rinsing with wash buffer, samples were mounted 
on a glass slide in MTSB and observed under a confocal 
microscope (model LSM510; Carl Zeiss, Tokyo, Japan). Actin 
ﬁ  laments in   M. polymorpha   expressing Lifeact–Venus were 
double-stained by phalloidin conjugated to Alexa Fluor 568. 
Young thalli were ﬁ  xed with 2  %   glycerol PMEG [50  mM 
PIPES, 1 mM MgSO  4  , 5 mM EGTA and 2  %   (v/v) glycerol, pH 
6.8] for 1 h, washed three times in phosphate-buffered saline 
(PBS), stained with 165  nM Alexa Fluor 568–phalloidin in 
PBS, and then observed using a confocal microscope (model 
LSM710, Carl Zeiss, Tokyo, Japan).     
 Supplementary  data 
  Supplementary data are available at PCP online.       
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